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1.1 Polarization domain distribution, as measured through Atomic Force Mi-
croscopy. The intensity contrast corresponds to the surface height that
results from the orientation of the remnant strain of 90◦ and 180◦ do-
mains. Note that the orientation of the domain walls, typically specified
by the crystallography of the available variants, is altered by the excess
of free energy at grain corners and boundaries (Image appears courtesy of
Prof. John Blendell). . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 Effect of piezoelectric anisotropy on the single-crystal orientational behav-
ior. Left inset embodies the polar response of the normalized piezoelectric
behavior for different anisotropy factors. Note that the optimal orien-
tation changes as the degree of anisotropy increases. Right inset shows
the optimal orientation of each single-crystal, as a function of crystallo-
graphic anisotropy. Note that contrary to what it is intuitively expected,
in the limit of high anisotropy, Aii → 2/3, the crystallographic orientation
at which highest piezoelectric strains will occur will asymptotically align
with the direction of the applied field. Furthermore, the optimal orien-
tation for materials with weak anisotropy will asymptotically converge to
θ = 54.76◦. This is the angle for the (111) direction of a cubic structure. 6
1.3 Predicted effect of anisotropy on the macroscopic properties of polycrys-
talline BaTiO3 (left) and PZN-PT (right), as reported in Garćıa, Langer,
and Carter [32]. Here, the average and standard deviation response as
a function of crystallographic texture and degree of bias was calculated.
Results illustrate that although the single-crystal properties may deliver
an optimal crystallographic orientation, the corresponding bulk properties
may greatly differ due to the local grain-grain interactions and underlying
anisotropy (see text and Figure 1.2 for details on single crystal response). 8
vii
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1.4 Effect of epitaxial (or deposition) strains on the average extrinsic ferroelec-
tric behavior of a polycrystalline thin-film, as reported by Garćıa, Huey,
and Blendell [109]. Left inset summarizes the predicted out-of-plane hys-
teretic response, while the right inset embodies the predicted out-of-plane
extrinsic electromechanical behavior. Note that while the electromechan-
ical response for large fields corresponds to the equilibrium (intrinsic) be-
havior, a great potential for reaching electromechanical enhancements up
to one order of magnitude greater than the ones currently available is
possible by harnessing the time-dependent switching behavior. . . . . . 14
1.5 Predicted built-in electromechanical fields in polycrystalline PZN-PT films,
as reported by Garćıa, Huey, and Blendell [109]. Bottom-left summarizes
the crystallographic orientation of each grain, as measured through OIM
techniques. Top-left inset shows thermomechanical and electromechani-
cally induced hydrostatic stresses, top-right correspond to built-in electric
fields, and bottom-right inset is the spatial distribution of the magnitude
of the remnant polarization vector. Note that greatest variations occur
at grain corners, boundaries, and in (111) oriented grains. These mi-
crostructural features and fields are greatly responsible for specifying the
locations and thermodynamic conditions necessary for domain nucleation
and pinning, as well as effective out-of-plane polarization enhancements
and suppression (see Figure 1.3 and text for further details). . . . . . . 15
1.6 Predicted bulk hysteretic response of polycrystalline, crystallographically
untextured PZT sample. Each inset corresponds to the instantaneous
distribution of polarization. While it is well known that the bulk hys-
teretic response is roughly one half of the single crystal behavior (for bulk
samples), the microstructural response shows that the interlocking of the
grains leads to locally enhanced polarization regions that are macroscop-
ically counteracted through spatial compatibility. Furthermore, the local
behavior can be as large as three times the single crystal value, thus sug-
gesting that macroscopic enhancement is possible, provided that the grains
cooperate collectively [109]. . . . . . . . . . . . . . . . . . . . . . . . . 16
2.1 Predicted single-crystal ferroelectric PZT behavior (solid line) compared
to previously published PZN-PT behavior (dashed line) [109]. The region
marked as α indicates the range of ∆ε and θ that results in ferroelectric
behavior. In the region marked as β, the material exhibits electrostrictive
behavior. In the region marked as γ, the material exhibits piezoelectric
behavior. The material properties for PZT promote a wider range of
∆ε values where ferroelectric response is favored in comparison to PZN-
PT. Insets correspond to representative polarization hysteretic response at
selected epitaxial strain and crystallographic orientation values for PZT. 22
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2.2 Electromechanical response butterfly loops for single-crystal PZT (solid
line) compared to previously published PZN-PT (dashed line) [109]. Fer-
roelectric behavior is observed in the region marked as α, electrostrictive
behavior corresponds to β, and piezoelectric behavior corresponds to γ. 23
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ABSTRACT
Leach, Sarah E. Ph.D., Purdue University, December 2014. Size and Texture Effects
on Ferroelectrics. Major Professor: R. Edwin Garćıa.
Analytical and numerical theories are proposed to describe the polarization
hysteresis behavior of individual PZT grains as a function of epitaxial strain and
crystallographic orientation for polycrystalline ferroelectrics. The film stresses and
average remnant polarization are shown to be controlled by the aspect ratio of the
mesa. Calculations demonstrate that the stresses at the edges are relaxed for film
height, hf , to mesa width, w, ratios hf/w ≤ 1×10−4. For hf/w ≥ 1×10−2, the effec-
tive in-plane stress is relaxed throughout the deposited film. Moreover, the effective
stresses at the center of the mesa are 15% of the stresses of an infinitely wide film,
hf/w → 0. For films with hf/w = 0.0011, the remnant polarization decreases from
0.69 C/m2 for highly textured films to 0.66 C/m2 for untextured films. Results show
that as hf/w → 1, the average value of remnant polarization decreases to approxi-
mately 0.64 C/m2. This means that small mesas will have a reduced value of remnant
polarization compared with infinitely wide films, but the remnant polarization does
not decrease to zero. For an individual grain in a polycrystalline ferroelectric, en-
hanced or inhibited hysteresis behavior is observed, depending on proximity to the
grain boundaries, the orientation of the grain to adjacent grains, and the orientation
of the grain with respect to the geometry of the thin film. Grain boundaries with
different misorientation angles create different local strain fields that couple to the
local electric field via the piezoelectric effect, and change the switching behavior of
adjacent regions. For 100 nm diameter grains, the coercive field required for polariza-
tion switching can vary approximately ±10% between a region near a grain boundary




Thin film ferroelectrics have generated a great deal of interest in the fabrication
of low-voltage non-volatile memory, sensors, and actuators [1–5]. The commercial
market for non-volatile memory as valued in excess of 10 billion dollars in 2009 and
was projected to exceed 20 billion dollars in 2014 [6]. The demand for ferroelectric
materials in non-volatile memory is driven primarily by the need for lower power de-
vices. In all applications, the stress state of a thin film influences its response to an
externally applied electric field. The stress state controls the electrostrictive, ferro-
electric, or piezoelectric behavior, and influences the coercive field necessary to switch,
the symmetry of the hysteresis loop, and the remnant polarization value [7–10]. An
accurate and detailed understanding of the response of ferroelectric materials, in both
single-crystal and polycrystalline thin film form, is necessary to understand and en-
gineer optimal performance. This understanding needs to derive from appropriately
chosen analytical and computational modeling. Ideally, the modeling needs to capture
the underlying physics of ferroelectric switching for actual materials and devices. The
challenge is to include relevant information from a range of length scales, anisotropic
material properties, and device dimensions.∗
1.2 Literature Review
The field of ferroelectric materials has undergone enormous advances since its
advent in the 1940s. A great deal of progress in the chemistry, microstructure design,
processing, and characterization techniques has paved the way for the introduction of
∗The material in this chapter was the basis of the publication: S. E. Leach and R. E. Garćıa.
“Microstructural modeling of ferroelectric materials: state of the art, challenges and opportunities.”
Materials Science Forum 606:119-134, 2009.
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high performance actuator, sensors, and memory devices [4, 11, 12]. Supporting this
continuing effort, the theoretical understanding of ferroelectric materials has evolved
into a sophisticated set of accurate analytical and numerical descriptions (models).
New materials, technological applications, and freshly discovered multiphysical phe-
nomena have added challenges and opportunities. The rich theory of ferroelectrics
spans three length scales: atomistic, mesoscopic, and macroscopic. After nearly eighty
years of ongoing ferroelectric research, myriad models, numerical implementations,
and theoretical approaches have emerged to describe the underlying multifunction-
ality associated with ferroelectric materials and devices in both single-crystal and
polycrystalline forms. Each of these descriptions has specific strengths and weak-
nesses in terms of their underlying complexity and the length scale that they are able
to represent.
Traditional atomistic approaches capture the equilibrium and time dependent
behavior for systems in the range of femtoseconds and have led to great improve-
ments in the chemistries of these systems [13, 14]. Similarly, macroscopic engi-
neering approaches have focused on the development of phenomenological descrip-
tions which capture the empirical static and time-dependent behavior (for longer
time-scales) [15–17]. At the interface of these two apparently disparate approaches,
thermodynamic-based microstructural evolution descriptions inspired by phase field
models have risen as the necessary link between the atomic and macroscopic levels.
This method starts from the predicted behaviors given by their atomic counter-parts,
but resolves the effects of grain boundaries and deconvolves the grain-grain meso-
scopic interactions. Much of the future of ferroelectrics modeling lies in the delivery
of improved chemistries and microstructures and upon bridging currently existing
atomistic and continuum descriptions. However, understanding ferroelectric fatigue,
realizing optimal performance from lead-free materials, and developing theories and
models to describe the emerging field of multiferroics, will continue to motivate ferro-
electrics modeling. Moreover, while it is expected that an accurate understanding of
the intrinsic properties of materials is the key to define improved ferroelectric solids,
3
it will be the detailed understanding of the the extrinsic response of ferroelectric ma-
terials, in both bulk and thin film form, that will enable these materials to reach
optimal performances which are yet to be realized.
A ferroelectric material is typically defined in terms of a reorientable sponta-
neous electric dipole moment. Here, an imposed temperature or stress field alters
the material’s crystallographic symmetry thus inducing the loss of an inversion cen-
ter. The change in crystallographic symmetry is followed by a spontaneous change
in strain and electric polarization (a first order phase transition). Such a material
is called ferroelectric if it has two or more orientation states in the absense of an
electric field and can be shifted from one to another of these states (variants) by an
applied electric field [18]. In many of these materials, the local state of polarization is
directly correlated to the crystal structure of the system. For example, in tetragonal
ferroelectrics [19], the degree of tetragonality is directly correlated to the state of
polarization of the unit cell. At equilibrium, in a stress-free ferroelectric solid, the
direction of the polarization order parameter vector lies along the c-axis of the unit
cell. Regions of crystallographically equivalent material with aligned polarization are
called domains.
One of the major standing challenges in the modeling of ferroelectrics is the
accurate mathematical representation of domain kinetics and their associated temp-
erature-dependent velocity. This fundamental ferroelectric materials challenge spans
many time and length scales and has been recast and analyzed for every material
chemistry of interest. The detailed understanding of the underlying domain switching
processes in a ferroelectric material is of critical importance for the improvement
of electromechanical actuators and for the engineering of memories where the total
switching time affects the write/read time of the device [4, 5, 20, 21]. While optimal
single-crystal equilibrium and kinetic properties are the basic building blocks (and the
ideal element) for accurately controlling the performance of these electromechanical
systems, their high costs or the technological complexity to fabricate such systems has
led to the exploration of systems in polycrystalline form. Polycrystalline ferroelectric
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materials, however, pose an additional geometrical complexity. Every single grain is a
highly nonlinear, multiphysical, time-dependent, anisotropic system that is spatially
interlocked to the surrounding grains. Furthermore, the local thermodynamic state
and ferroelectric domain configuration that emerge as a result of the local grain-
grain interactions directly impact the response of the solid. Figure 1.1 illustrates
such behavior for PZT. Here, at the center of each grain, 90◦ and 180◦ domain walls
emerge in a simultaneous effort to minimize the free energy of the system and to match
spatially compatible crystallographic variants. In the proximity of a grain boundary,
domain walls bend to accommodate the continuity of the lattice and guarantee spatial
compatibility of the two single crystal grains. An accepted general theory to describe
the kinetics and thermodynamics of such physical systems does not exist. A great
number of solutions for specific material systems have been proposed; however, such
representations are sometimes contradictory and in only a very few cases agree with
experiments or the basic theory of thermodynamics.
Fundamentally, the introduction of atomistics or ab initio representations of fer-
roelectrics embodies the ideal approach to understand the effects of different types of
chemistries on the intrinsic properties of ferroelectric ceramics (i.e., the equilibrium
thermodynamic properties, including dielectric, elastic, and piezoelectric constitu-
tive behavior). The use of atoms as the smallest unit to describe the behavior of
ferroelectric materials demands accurate modeling of individual interactions that si-
multaneously captures the interatomic behavior as well as the quantum mechanistic
details associated with nanometer and femtosecond scales [22]. For the BaTiO3 and
PbTiO3 systems, a number of researchers have investigated required coercive field
as a function of orientation, domain formation, and domain motion [23–31]. Atom-
istic models have been greatly helpful to understand and predict the fundamental
nature of single-crystal ferroelectrics. However, because each atom must be tracked
individually, the number of atoms required to perform a valid calculation, even for
nanometer-sized volumes, requires prohibitively complex computation. Moreover, ab
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Figure 1.1.: Polarization domain distribution, as measured through Atomic Force
Microscopy. The intensity contrast corresponds to the surface height that results
from the orientation of the remnant strain of 90◦ and 180◦ domains. Note that
the orientation of the domain walls, typically specified by the crystallography of
the available variants, is altered by the excess of free energy at grain corners and
boundaries (Image appears courtesy of Prof. John Blendell).
initio approaches are therefore unable (or do so with great difficulty) to capture the
long-range interactions in polycrystalline films.
In the specific case of ferroelectric actuators, atomistic modeling has positioned
itself as a key ally to find improved chemistries and greater piezoelectric constants.
However, such an ideal is limited by the laws of thermodynamics and the crystallogra-
phy of the system which imposes constraints on what is physically possible. Figure 1.2
illustrates such limitations. Here, the single-crystal, intrinsic piezoelectric response
6
Figure 1.2.: Effect of piezoelectric anisotropy on the single-crystal orientational be-
havior. Left inset embodies the polar response of the normalized piezoelectric be-
havior for different anisotropy factors. Note that the optimal orientation changes as
the degree of anisotropy increases. Right inset shows the optimal orientation of each
single-crystal, as a function of crystallographic anisotropy. Note that contrary to what
it is intuitively expected, in the limit of high anisotropy, Aii → 2/3, the crystallo-
graphic orientation at which highest piezoelectric strains will occur will asymptotically
align with the direction of the applied field. Furthermore, the optimal orientation for
materials with weak anisotropy will asymptotically converge to θ = 54.76◦. This is
the angle for the (111) direction of a cubic structure.
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The orientational dependence of ε22 (the longitudinal strain along the y-axis) and ε33
(the longitudinal strain along the z-axis) possess the same mathematical form, and
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the details of the properties are summarized in the anisotropy ratio, Aii, a function
of the piezoelectric coefficients, as developed by Lee, Garćıa, and coworkers [32].
These normalized electromechanical equations are applicable to any chemistry,
and allow researchers to tailor the optimal single-crystal intrinsic response. Further-
more, any improvement in the chemistry of a ferroelectric material will asymptotically
converge to an optimal orientation of 54.76◦ for materials with weak anisotropy, or to
0◦ in the limit of Aii = 2/3. The 54.76
◦ orientation corresponds to the (111) direction
of a cubic structure.
Single crystal materials are very expensive and in some cases impossible to
fabricate. In response to this challenge, polycrystalline ferroelectrics with controlled
crystallographic textures attempt to match, and in some cases overcome the limita-
tions of their single-crystal counterparts. Figure 1.3 summarizes the results for two
chemistries, BaTiO3 and PZN-PT, as reported in Garćıa et al [32]. Here, numerical
predictions demonstrate electromechanical enhancements to the macroscopic intrinsic
piezoelectric response with values between 60% and 350% with respect to the cor-
responding single-crystal physical parameters. However, it is those material systems
that harness the extrinsic contributions to strain, i.e., those based on domain wall
motion and ferroelectric switching, that demonstrate the greatest improvements to
device performance. The following sections review those analytical and numerical de-
scriptions and their advantages and limitations, that would most likely contribute to
overcome these challenges and find those processing and operation parameters that
will facilitate optimal and reliable memories and electromechanical actuators and
sensors.
In contrast to chemistry/atomistic-based approaches, the behavior of devices
and materials with dimensions on the order of centimeters has been traditionally
approached with designs based on macroscopic descriptions that capture the em-
pirical phenomenological behavior of the analyzed systems. In general, the spatial
interactions of fields and material properties in a microstructure depend on fine-scale
details. The macroscopic response may vary considerably for similar microstructures
8
Figure 1.3.: Predicted effect of anisotropy on the macroscopic properties of poly-
crystalline BaTiO3 (left) and PZN-PT (right), as reported in Garćıa, Langer, and
Carter [32]. Here, the average and standard deviation response as a function of crys-
tallographic texture and degree of bias was calculated. Results illustrate that although
the single-crystal properties may deliver an optimal crystallographic orientation, the
corresponding bulk properties may greatly differ due to the local grain-grain interac-
tions and underlying anisotropy (see text and Figure 1.2 for details on single crystal
response).
with the same microstructural parameters. To investigate the effects of microstruc-
ture on properties, two categorically different approaches have been considered: the
fine scale effects can be spatially averaged and the microstructure approximated as
a homogeneous material, or the spatial distribution of the properties of a particu-
lar microstructure can be incorporated into a complex model that treats all known
interactions to the level of spatial resolution. The first, or homogenizing, approach
will not describe those macroscopic properties that depend strongly on localized in-
teractions but should be an efficient method for calculation of those properties that
depend on the mean of the microstructural distribution. Generally, the homogeniza-
tion approach derives from fundamental work by Rayleigh and Eshelby [33–37]. For
ferroelectric materials specifically, several homogenization approaches have been de-
veloped. Most of these methods are based on analytic solutions to electromechanical
fields around a piezoelectric ellipsoidal inclusion [38]. The homogenization theory
for composites containing piezoelectric inclusions is complex but has been success-
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fully developed [39–47]. Another homogenization method, the multiple-scattering
method, reduces the calculation of effective properties from a set of integral equa-
tions that derive from a Green’s function to the superposition of a linear system of
equations [48].
While these approaches have delivered great contributions to the description of
the equilibrium (or intrinsic) behavior of bulk ferroelectrics, they fail to capture the
kinetic (or extrinsic) behavior of polycrystalline ferroelectrics. In response to this chal-
lenge, a significant body of literature emerged to capture the measured macroscopic
hysteresis behavior for polycrystalline materials. Huang and Tiersten [49] used experi-
mentally determined hysteresis loops to specify the coefficients of a micromechanically-
based model [50–52]. Kamlah [51] reviews the development of constitutive models
and proposes a microscopically motivated thermodynamic model to describe macro-
scopic switching. In general, Kamlah, Tsakmakis, and Böhle [53,54] suggest that any
macroscopic description which intends to capture successfully the time-dependent fer-
roelectric behavior is required to specify partial differential equations derived from
“balance laws” (i.e., energy conservation, force and momentum balance, charge con-
servation, etc.) and constitutive equations that capture the individual equilibrium
and kinetic properties of the materials involved.
Departing from this deterministic approach, several authors have further devel-
oped nucleation and growth-type models of ferroelectric domains based on the clas-
sic Johnson-Mehl-Kolmogorov-Avrami theory. Shur [55], in particular, summarized
much of the currently ongoing work in a review chapter. Here, he describes the role
of such a description in establishing concepts for electrostatic charge screening and
its role in the switching behavior. Additionally, Johnson-Mehl-Kolmogorov-Avrami
descriptions capture the shapes of evolving domain walls for different ferroelectric
materials, describe the role of nucleation in domain wall motion, and identify dif-
ferent domain wall motion mechanisms whose characteristic velocities span several
orders of magnitude. The involved researchers have characterized their approach as
a phenomenological description of domain engineering [56–63]. Fousek et al. [64]
10
elaborated this concept and established ideas pertaining domain wall thicknesses,
their associated contributions to domain nucleation and switching, and the effects of
extrinsic contributions to macroscopically measured properties. Smith [65] recently
introduced nucleation and domain wall motion kinetics where curved interfaces and
domain wall energies are combined. Kalpakides et al. [66] use the level set method to
model domain walls as sharp interfaces. The model reproduces the domain structure
of a tetragonal ferroelectric, but is applied only to defect-free single-crystal material.
Micromechanical models continue to be an area of active research with mod-
els being developed to incorporate additional microstructural or physical features
such as polycrystalline structure, defects, or fatigue [67–74]. Landis and cowork-
ers [75–77] made recent advances in micro-electromechanical and macroscopic models
that include the associated coupled non-linear behavior. Daniel et al. [78] proposed a
multiscale micromechanical model for polycrystalline material. This model allows in-
corporation of texture, but the approach models the reversible ferroelectric behavior
first and then imposes the hysteresis effect. Huber [79] discussed the utility and limi-
tations of micromechanical models and observed that while these descriptions readily
describe sharp domain wall interfaces, they do not account for grain-to-grain interac-
tions. Arockiarajan et al. [80] and Jayabal et al. [81] describe models incorporating
grain boundary effects, but accomplish this by defining each grain as a finite element.
When the effects due to peculiarities of a particular microstructural feature
(such as spatial correlations of crystallographic orientations, morphological texture,
interface or boundary proximity effects, or defects such as pore and crack distribu-
tions) are to be calculated, homogenization approaches, such as those described above,
are very impractical. Homogenization methods that apply to cases where local vari-
ations in the microstructural fields are significant or have non-linear couplings, (e.g.,
electrostriction, photoelasticity, electro-optic effects, etc.) are useful, but equally im-
practical. Moreover, when material response depends on improbable events or spatial
correlations (e.g., when the reliability of ferroelectric devices is considered for those
systems with a dilute concentration of defects), homogenization approaches will not
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suffice. In response to these challenges, continuum mesoscale formulations capture
the behavior of a spatially continuous distribution of material while incorporating
the details across tenths and hundreds of nanometers. In many cases, the interfaces
themselves are explicitly included in the developed formulations. Several recent re-
views detail the development of micromechanical and thermodynamically motivated
theoretical descriptions. Setter and Waser [82] recently reviewed advances in electro-
ceramics for the last decade. Bhattacharya and Ravichandran reviewed a selection of
recent work [83] with an emphasis on models capturing high strain rates and cracking
phenomena. They indicated that a gap remained in the understanding of the effects of
defects, motion of domain walls, and morphotropic phase boundaries. Even without a
mechanism for incorporating the effects of defects and domain wall dynamics, Zhang
and Bhattacharya continued to refine this electromechanical description [84, 85] and
added an eighth-order energy barrier to switching. This model predicted moderately
higher values of strain and electric field than those measured experimentally. In order
to understand the effect of crystallographic texture on high strain rates, Li and Bhat-
tacharya [86] introduced electromechanical contributions to Taylor expansion-based
formulations. More recently, Dayal [87] applied the boundary element method to
evaluate domain pattern evolution for a ferroelectric material with constrained and
unconstrained surfaces.
Historically, theoretical approaches based on the laws of thermodynamics de-
scribe the mesoscale kinetics of ferroelectric switching by starting from seminal con-
cepts pioneered by Landau, Devonshire, Jona, Shirane, Allen, and Cahn [88–92].
Here, the state function of a single crystal ferroelectric is defined by expanding in
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Taylor series the Helmholtz free energy density, f = u − Ts, as a function of the







































































For this theory, a, b, c, γ, λ, and ξ are expansion coefficients that are extracted
from the experimentally measured quasistatic hysteretic response of a single-crystal.
Physically, the first three terms of the right hand side of first row of the Helmholtz
free energy expansion define the equilibrium, stress and electric field free variants of
the system. The fourth term couples an externally specified electric field to the local
state of polarization. This term biases the stability of those variants that are closer to
the applied field. The fifth term couples the state of polarization with the local strain
of the system, so that those states of polarization that are parallel to the externally
imposed eigenstrains will be thermodynamically favored. Thus, non-trivial states of
stress can enhance (or suppress) the local polarization. The sixth term of the equation
embodies the energy penalty for accumulating elastic energy in a solid. Similarly, the
remaining terms correspond to energy penalties associated with having a polarization
vector rotated away from any of their crystallographically allowed variants. These
contributions to the free energy greatly penalize the existence of polarization order
parameters trapped between stress or electric field free variants.
Many recent models of domain switching in ferroelectric materials are based (or
are conceptually equivalent) to the theoretical construction specified above. Here,
phase field and other energy minimization approaches generate kinetic equations that
are solved through a variety of numerical techniques that span finite differences, fi-
nite volumes, and recently through the application of the finite element method. The
phase field method, in particular, offers the attractive prospect of describing phase
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changes without the necessity of explicitly tracking the location of the domain walls.
Recent work has primarily been in the area of validating phase field descriptions
through the incorporation of additional terms to account accurately for the total free
energy of the system. Successful implementation of phase field models for ferroelec-
tric behavior requires the coordinated use of thermodynamics, mechanics, numerical
analysis, and computational science. Hence, the literature for this subject can be
found in diverse publications that focus on multiple areas.
A number of researchers have developed the theory of phase-field starting from
thermodynamic principles and adapting the Landau-Ginsburg-Devonshire theory [61,
84, 86,87, 93–97]. Phase-field models have been used to investigate the interaction of
domain wall motion with space charges. Xiao et al. [98] included spatially distributed
electrostatic charges which were found to interact strongly with 90◦ domain walls.
Su and Landis [69] used discrete charges in a model which combined micromechani-
cal terms with diffuse interface terms and found stronger interactions between 180◦
domain walls and space charges. Okatan et al. [99, 100] explored the effects of space
charges and domain engineering on compositionally graded materials. Schrade et
al. [101] modified the order parameter used in the phase-field method to explore the
dynamics of domain walls and found that the model predicts a 1.5 times higher mobil-
ity for 90◦ domain walls than for 180◦ walls. These phase field results have lead collec-
tively to a detailed understanding of the conditions for domain wall motion and pin-
ning. Phase-field modeling has also been used for micromechanical analysis [102] and
for phase transitions. Franzbach et al. [103] investigated tetragonal-to-orthorhombic
phase transition, and Sun et al. [104] investigated phase transitions as a function of
grain size. Recently, Völker et al. [105, 106] developed a multiscale model that links
atomistic results to a phase-field model. The free energy equations are adjusted using
the atomistic results and through the inclusion of higher-order terms. This enables
incorporation of tetragonal as well as cubic elastic behavior. Garćıa et al. proposed a
thermodynamically based framework for diffuse interface modeling for polycrystalline
ferroelectric materials [107]. The numerical implementation of this theory includes
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a thermodynamic-based relaxation dynamics description that naturally incorporates
Maxwell’s equations, resolves the effects of grain corners and boundaries, and in-
corporates the anisotropy of the underlying components [32, 108, 109]. An example
simulation can be observed in Figures 1.4 and 1.5. Here, the effect of microstructure
on the out-of-plane electrical and mechanical behavior is analyzed.
Figure 1.4.: Effect of epitaxial (or deposition) strains on the average extrinsic fer-
roelectric behavior of a polycrystalline thin-film, as reported by Garćıa, Huey, and
Blendell [109]. Left inset summarizes the predicted out-of-plane hysteretic response,
while the right inset embodies the predicted out-of-plane extrinsic electromechanical
behavior. Note that while the electromechanical response for large fields corresponds
to the equilibrium (intrinsic) behavior, a great potential for reaching electromechan-
ical enhancements up to one order of magnitude greater than the ones currently
available is possible by harnessing the time-dependent switching behavior.
Results demonstrate that: 1) the average state of stress in a ferroelectric film
directly determines both the intrinsic and extrinsic butterfly loop response of a fer-
roelectric film, and 2) the local grain-grain interactions have a deep impact on the
built-in electromechanical fields. Furthermore, this analysis demonstrates that the
coordinated switching of a solid in thin film form can lead to an improved behavior.
While this work suggests that in some cases these interactions can be potentially
beneficial, the experimental harnessing and further realization of such performances
remains untapped. Moreover, the same microstructural mechanisms that collectively
contribute to an improved ferroelectric performance can work against reaching the
maximum macroscopic response when used in bulk form. Figure 1.6 illustrates such
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Figure 1.5.: Predicted built-in electromechanical fields in polycrystalline PZN-PT
films, as reported by Garćıa, Huey, and Blendell [109]. Bottom-left summarizes
the crystallographic orientation of each grain, as measured through OIM techniques.
Top-left inset shows thermomechanical and electromechanically induced hydrostatic
stresses, top-right correspond to built-in electric fields, and bottom-right inset is the
spatial distribution of the magnitude of the remnant polarization vector. Note that
greatest variations occur at grain corners, boundaries, and in (111) oriented grains.
These microstructural features and fields are greatly responsible for specifying the
locations and thermodynamic conditions necessary for domain nucleation and pin-
ning, as well as effective out-of-plane polarization enhancements and suppression (see
Figure 1.3 and text for further details).
a physical situation. Here, it is clear that a domain whose c-axis is parallel to the
applied electric field will try to elongate, while one that is anti-parallel attempts to
shrink. A compressive state of stress arises in those grains that are attempting to
shrink as a result of the spatial interlocking with those grains that are attempting to
elongate. As a result of this behavior, the grains in a compressive state of stress (an-
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tiparallel to the applied electric field) will be increasingly polarized and increasingly
difficult to switch.
Figure 1.6.: Predicted bulk hysteretic response of polycrystalline, crystallographically
untextured PZT sample. Each inset corresponds to the instantaneous distribution of
polarization. While it is well known that the bulk hysteretic response is roughly one
half of the single crystal behavior (for bulk samples), the microstructural response
shows that the interlocking of the grains leads to locally enhanced polarization regions
that are macroscopically counteracted through spatial compatibility. Furthermore,
the local behavior can be as large as three times the single crystal value, thus sug-
gesting that macroscopic enhancement is possible, provided that the grains cooperate
collectively [109].
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1.3 Summary and Conclusions
Emerging experimental and theoretical information suggests that a scientific
effort that simultaneously engineers the intrinsic and extrinsic electromechanical re-
sponse of bulk ferroelectric ceramics will lead to greater, never accessed performances.
Technological applications, however, will demand memory devices and actuators with
higher switching rates, larger remnant polarizations, smaller switchable areas, engi-
neered porosity, and improved lifetimes [2–4,21,110–112]. Furthermore, current trends
suggest that the most commonly used piezoceramics, lead titanate/lead zirconates,
will be replaced by niobates and perovskite ceramics based on barium titanate and
polymers [25, 61, 63, 113–116], in an effort initiated by the environmental policy in
the European Union to eliminate lead [117, 118]. In this regard, a better under-
standing on the degradation and fatigue of ferroelectric materials caused by domain
wall pinning, defect agglomeration, or other effects will be critical to deliver commer-
cially viable applications. Theoretical and experimental evidence [58, 119–126] has
provided great mechanistic insights into the physics of fatigue, but improved theories
and models are required to optimize the microstructure and performance of materials.
Recent modeling research includes efforts to include effects of porosity, notches, and
cracks [127–129].
In general, improvement in ferroelectric materials is intimately tied to comple-
mentary advances in theory, processing, and characterization. In the specific case of
improvements in theories and models, it is expected that the advent of multiscale
approaches that are able to harness the combined effect of chemistry, microstructure,
and materials performance and reliability for all lengthscales [114, 130–132] will lead
to improvement in theories and models. Furthermore, mesoscale theories and nu-
merical models based on the diffuse interface approach will become more important
as the link between the nano and macro scales, since these descriptions incorporate
properties derived from single-crystal measurements or atomistic models, as well as
defects, grain boundaries, domain boundaries, and domain interactions, and can di-
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rectly characterize the macroscopic behavior of materials and devices, enabling their
use as a design tool as well as a means for understanding experimental measurements.
1.4 Thesis Overview
This thesis employs analytical and microstructural modeling to predict polariza-
tion behavior as a function of material parameters and device geometries in order to
optimize ferroelectric device performance. Results are useful to predict performance
criteria and to demonstrate the value of phase field mesoscale modeling. Chapter 2
presents analytical methods to explore the polarization hysteresis behavior of single-
crystal thin films as a function of stress and orientation. Results are summarized in
terms of epitaxial strain and misorientation which can be used to guide material pro-
duction towards a desired response. The single-crystal thin film behavior is utilized to
understand the polarization response of polycrystalline thin films. A computational
model is used to determine the as-deposited stress state and built-in electric field of
the film for various distributions of texture. Modeling is then employed to describe
the polarization hysteresis behavior of a central grain in the film as a function of film
texture and the orientation of the central grain. The behavior of discrete devices or
mesas is characterized and developed as a function of mesa size and thickness. Two
central grain orientations are used and the simulation characterizes the interactions
between texture and mesa size on remnant polarization.
Chapter 3 explores the local stress and polarization results within grains of a
polycrystalline material and adjacent to grain boundaries. A microstructural model
shows the influence of grain-to-grain interactions on the stress state, built-in elec-
tric field, and polarization hysteresis of individual grains. The model is also used
to evaluate the conditions which might lead to spontaneous polarization reversal,
or back-switching. Grain boundary misorientation is shown to have local effects on
remnant polarization and coercive field values even at levels which are insufficient
to cause back-switching. The final chapter summarizes the major contributions of
the dissertation and proposes areas for future research. Enhancements to the mi-
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crostructral modeling tools are suggested to improve the correlation of modeling with
experimental results. Additional investigations of the BZT-BCT system are outlined
to develop an improved understanding of the phase transformations, properties, and
material performance near the morphotropic phase boundary.
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CHAPTER 2. EDGE AND SIZE EFFECTS
2.1 Chapter Summary
This chapter describes analytical and microstructural modeling work intended
to guide material and geometric parameters to engineer polarization switching behav-
ior for polycrystalline PZT films. The out-of-plane polarization switching of single-
crystal and polycrystalline films as a function of crystallographic orientation, epitaxial
strain, and mesa aspect ratio is explored. Results for films with large aspect ratios
demonstrate a strong correlation of single-crystal properties to the polarization hys-
teresis behavior of a central representative grain in a polycrystalline film. The average
remnant polarization and its variability can also be controlled by the aspect ratio of
the mesa, through stress relaxation. Calculations demonstrate that the stresses at
the edges are relaxed for film height, hf , to mesa width, w, ratios hf/w ≤ 1× 10−4.
For hf/w ≥ 1×10−2, the effective in-plane stress is relaxed throughout the deposited
film. Moreover, the effective stresses at the center of the mesa are decreased to 15%
of the stresses of an infinite film. As a consequence, the residual epitaxial stresses
resulting from cooling can be mitigated by forming high aspect ratio mesas. Such
mesas are also advantageous for applications which require a high density of discrete,
addressable locations, as for non-volatile memory devices.∗
2.2 Introduction
The thickness to width aspect ratio of ferroelectric films has been found to be
of great importance in determining their underlying effective stress [133–138]. Thus,
mesa structures with large aspect ratios have lower stress values at the edges when
∗This chapter was the basis for the following publication: S. E. Leach, R. E. Garćıa, and V. Na-
garajan. “Edge and finite size effects in polycrystalline ferroelectrics.” Acta Materialia, 59:191-201,
2011.
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compared with the biaxial stress in a continuous film. The stress state and switching
behavior of a polycrystalline film also depends on the crystallographic orientation of
the grains in the film. The distribution of crystallographic orientations (texture) de-
termines the grain-to-grain interactions and built-in stresses which result from cooling
of the film from the Curie to the operating temperature [32, 109, 139–142]. Exper-
imental results on discrete epitaxial PZT mesas demonstrate that the piezoelectric
response is clamped by the substrate and suppressed to values much below the bulk
values unless the film is patterned into discrete mesas with lateral dimensions of less
than 100 nm [143]. For such small devices, the clamping of the substrate is limited by
the total size of the device, so the piezoelectric response approaches bulk values [144].
PZT capacitor mesas with an aspect ratio of unity exhibit hysteresis loops with no
change in coercive field with respect to the reported bulk behavior [145]. Thin-film
composites and mesas have also shown size-dependent behavior [1,135,137,146–153].
Suhir and coworkers proposed and experimentally verified that the epitaxial strain
in finite-size thin-film structures is dramatically different from the same material in
continuous film form.
Past modeling efforts used misfit or epitaxial strain to analyze the effects of
built-in electric fields [154] and film thickness for PZT [155]. Other modeling efforts
focus on PbTiO3 and BaTiO3 systems to predict the effect of compressive epitaxial
strain on the polarization switching behavior [156]. Thin film polarization response
has also been studied as a function of material symmetry, polarization displacement
mechanisms, [8,10,146,157], and grain size [158–160]. In this context, a previous pub-
lication by Garćıa et al. predicted the out-of-plane hysteretic response of a single-
crystal PZN-PT film as a function of misorientation angle, θ, and epitaxial strain,
∆ε [109]. Figure 2.1 reproduces these results (dashed line) with the addition of sim-
ilar results for PZT (solid line). The calculated behavior is a consequence of the
anisotropy of the properties of the deposited ferroelectric material and its crystal-
lographic orientation (see Table A.1). The region marked as α indicates the range
of ∆ε and θ that results in ferroelectric behavior. In the region marked as β, the
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material exhibits electrostrictive behavior. In the region marked as γ, the material
exhibits piezoelectric behavior. The material properties for PZT promote a wider
range of ∆ε values where ferroelectric response is favored in comparison to PZN-PT.
Insets correspond to representative hysteretic response at selected epitaxial strain and
crystallographic orientation values for PZT.
Misorientation Angle, θ (degrees)
Figure 2.1.: Predicted single-crystal ferroelectric PZT behavior (solid line) compared
to previously published PZN-PT behavior (dashed line) [109]. The region marked
as α indicates the range of ∆ε and θ that results in ferroelectric behavior. In the
region marked as β, the material exhibits electrostrictive behavior. In the region
marked as γ, the material exhibits piezoelectric behavior. The material properties for
PZT promote a wider range of ∆ε values where ferroelectric response is favored in
comparison to PZN-PT. Insets correspond to representative polarization hysteretic
response at selected epitaxial strain and crystallographic orientation values for PZT.
Results from the analytical model described in the next section show that resid-
ual stresses are tensile for small misorientations and compressive for large angles. In
addition, the epitaxial strain enhances or suppresses the remnant polarization and
out-of-plane effective coercive field. The different ranges of behavior are a strong
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function of the specific PZT chemistry. Thus, for a commercial PZT (see Table A.2)
the different regimes of behavior shift as a result of stiffer elastic properties, weaker
electrostrictive constant, and larger stress-free remnant polarization. Figure 2.2 shows
the corresponding electromechanical response for the same two materials. The strain
hysteresis for ferroelectric behavior exhibits the characteristic butterfly loop shape.
Piezoelectric and electrostrictive behavior do not show electromechanical hysteresis.
Misorientation Angle, θ (degrees)
Figure 2.2.: Electromechanical response butterfly loops for single-crystal PZT (solid
line) compared to previously published PZN-PT (dashed line) [109]. Ferroelectric
behavior is observed in the region marked as α, electrostrictive behavior corresponds
to β, and piezoelectric behavior corresponds to γ.
The analytical model presented in this chapter extends previous work and incor-
porates the effects of the macroscopic edges of the sample. Microstructural modeling
assesses the impact on the switching behavior of a representative grain in a poly-
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crystalline film. The results are summarized in terms of crystallographic orientation,
width, height, and epitaxial strain, into maps, i.e. processing diagrams.
2.3 Theoretical Framework
2.3.1 Thermodynamics of Ferroelectric Materials
The ferroelectric thin film material is modeled using a Taylor series expansion
of the Helmholtz free energy density, f = u − Ts. For a tetragonal crystal where
polarization and strain are the controlling variables, the free energy density takes the
form:















Where P is the polarization parameter, T is temperature, E is the applied
electric field, εT ij is the ij-th component of the total strain tensor, σij is the ij-th
component of the stress tensor, and qijkl is the ijkl-th component of the electrostric-
tive tensor. The first four terms of equation 2.1 correspond to the classic Landau
expansion as shown in equation 1.2. The fifth term corresponds to the coupling of
the strain with the polarization parameter, and the sixth term corresponds to the
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dΩ (2.2)
A single-crystal film in a state of biaxial stress is at global equilibrium when
the variational derivative of equation 2.2 is equal to zero, i.e.,
δF
δP
= aP + bP 3 + cP 5 − E + 2q33klεTklP (2.3)
For cases where the local equilibrium is not reached instantaneously, the po-
larization order parameter follows the path of steepest descent (in function space)
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towards equilibrium. For a case in which the local state of polarization can be de-






where M is the polarization mobility.
The electrostatic and elastic fields of a ferroelectric film are determined by
solving the mechanical equilibrium equation and the differential form of Coulomb’s
Law for each volume element of material:
∇ · ↔σ = 0 and ∇ ·
−→
D = ρ (2.5)
where
−→
D is the spatially-dependent total polarization vector and ρ is the local charge
density. The local stress and total polarization are coupled through a pair of consti-
tutive equations:





kl − ekijEk − Cijklαkl∆T (2.7)
εij is the dielectric permittivity, eijk is the piezoelectric tensor in its e-form, Cijkl is the
elastic stiffness tensor, and αkl is the kl-th component of the thermal expansion tensor.
For the most general case, the dielectric, elastic, thermoelastic, and piezoelectric
properties are functions of the thermodynamic variables. In particular, piezoelectric
properties are coupled to the polarization order parameter through the relationship
between the piezoelectric tensor in its d -form, dmij, and the electrostrictive tensor,
Qijkl, the dielectric susceptibility, βml, and the polarization order parameter, Pk,
dmij = QijklβmlPk (2.8)
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and
eijk = Cjklmdilm (2.9)
In order to distinguish between size effects occurring in a single-crystal thin film
mesa from the effects of a polycrystalline microstructure (textured or untextured),
the effect of size in a single-crystal mesa is analyzed next.
2.3.2 Single-Crystal Mesa Analysis
For a thin film ferroelectric material epitaxially deposited on a thick substrate,
stresses are present due to lattice parameter strain mismatch ∆ε and a thermal strain
mismatch αf∆T . For an idealized film with a fixed orientation, the film stress is
approximately [137]:
σf = Yf [αf∆T −∆ε] (2.10)
where Yf is the film’s Young’s modulus and αf is the coefficient of thermal expansion.
The relationship between the device aspect ratio, hf/w, and the position-dependent




where Y ◦f is the in-plane Young’s modulus, Y
◦
f = Y/(1 − ν), x is the distance from
the center of the device, and χ◦(x) is given by [133]:
χ◦(x) = 1− e−k(w−x) (2.12)
where the coefficient k is defined as:
k =
√
3[Y ◦s (1− νs)]
2(Y ◦f (1 + νs)hfhs)
(2.13)
and corresponds to the effective mesa modulus for the film-substrate composite struc-
ture. In this expression Y ◦s is in-plane Young’s modulus of the substrate, νs is the
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Poisson ratio of the substrate, and hs and hf are the substrate and film thicknesses.
For thick substrates (hs  hf ) and assuming films of constant volume, the normal-
ized stress in the film is described as a function of the film aspect ratio, hf/w. (see
Figure 2.3).
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Figure 2.3.: Normalized stress as a function of distance from the center of the mesa
for samples with different aspect ratios, hf/w. The in-plane stress relaxes at the edges
of the mesa as a result of the stress-free boundary.
The main advantage of this description, based on Saint Venant’s principle, is
the possibility of analytically describing the stress relaxation of the off-center axis
dependence of the in-plane stresses. In contrast, the model presented herein assumes
the out-of-plane stress dependence to be zero and is not able to distinguish between
square and circular mesas. In real mesas the shear stresses reach their highest values
at the interface between the film and substrate, along the edges and in the corners of
a square mesa [161]. A model for circular substrates should include circumferential
stresses as described by Suhir [162].
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2.4 Single-Crystal Mesa Results and Discussion
For a single-crystal ferroelectric mesa on a thick substrate, stress develops in
the film as a consequence of cooling the sample from the Curie temperature. Equa-
tion 2.11 predicts that the stress at the center of the mesa will be the same as the
one exhibited in an infinite film for hf/w ≤ 1 × 10−4. Figure 2.4 shows that if
hf/w > 1 × 10−4, ferroelectric behavior is favored and accommodates larger values
of epitaxial strain. The boundary between ferroelectric and electrostrictive behavior































0              45           90 0              45           90 0              45           90
0              45           90
0              45           90
Misorientation Angle, θ (degrees)
Figure 2.4.: Effect of mesa aspect ratio on the out-of-plane polarization response at
the center of PZT mesa for different hf/w values. Dashed curve corresponds to an
infinitely wide film.
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piezoelectric behavior shows a critical misorientation of θ = 53.67◦, independent of
strain. For hf/w > 1 × 10−2 the sample shows only ferroelectric or piezoelectric
behavior for all values of ∆ε. Results demonstrate that as the shape of the mesa
becomes more cuboidal, surface stress relaxation dominates the overall state of stress
and associated ferroelectric switching kinetics of the solid. In agreement with experi-
mental results [138,143,163] the out-of-plane ferroelectric behavior is enhanced as the
lateral mechanical constraints of (001) oriented tensile films are removed. The out-of-
plane response of nearly (011), (010), and (100) oriented films can be engineered by
carefully selecting the geometrical aspect ratio of the film. Thus, while high misori-
entations show ferroelectric behavior for hf/w  1 and ∆ε = 0, an epitaxial strain
of ∆ε = 4× 10−3 can be tuned to deliver any of the electrostrictive, ferroelectric, and
even piezoelectric behavior regimes. In practical situations, film thickness and mesa
width of the deposited layer are readily controllable processing parameters. These
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Figure 2.5.: Ferroelectric PZT behavior as a function of aspect ratio and misorien-
tation angle, for values of negative epitaxial strain. In order to achieve ferroelectric
behavior for ∆ε > −0.002, the aspect ratio of the sample must be increased to de-
crease the effective stress.
Figure 2.5 shows the effect of aspect ratio as a function of c-axis misorientation
for compressive strains. Simulations demonstrate that crystallographic orientations
beyond the (111) direction will develop a spontaneous polarization but its out-of-plane
coercive field is greater than the material breakdown electric field. In contrast, the
piezoelectric response is suppressed in films subjected to a tensile strain, as shown in
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Figure 2.6.: Ferroelectric behavior as a function of size for positive epitaxial strain
values. By changing only the hf/w or ∆ε independently, it is possible to influence
the behavior of the sample. For example: a sample with a misorientation angle of
75◦ and hf/w = 1 × 10−3 would exhibit piezoelectric behavior for ∆ε < 2 × 10−3 (a
or b), ferroelectric behavior for ∆ε = 4 × 10−3 (d), and electrostrictive behavior for
∆ε ≥ 6×103 (e). A sample with a misorientation angle of 30◦, and ∆ε = 3×10−3 (c)
would exhibit electrostrictive behavior for hf/w < 3×10−4, but ferroelectric behavior
if hf/w > 3× 10−4.
is predicted for all misorientation angles, and ferroelectric switching is suppressed
unless the aspect ratio is large enough to relax the effective stress.
The developed single-crystal analysis demonstrates that crystallographic ori-
entation and the mesa aspect-ratio play a critical role in specifying the developed
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stress and electromechanical response of the film. With this basis, and in order to
assess the effect of grain-grain interactions, a finite element model was developed.
The numerical implementation of this model is described next.
2.5 Polycrystalline Film Numerical Model
A model polycrystalline microstructure comprising approximately three hun-
dred grains was constructed based on a Voronoi tessellation from a random distribu-
tion of gamma points. A grain size analysis showed that for hf/w  1 the in-plane
ferroelectric response reaches an asymptotic, grain-size independent value for sim-
ulations comprised of more than 300 grains [32]. The thin film was topologically
defined to lie in the laboratory xy-plane with the z-axis parallel to the normal of the
film. Grain boundaries were set to be infinitely sharp. Three mesa sizes were ana-
lyzed: w = 100, 50, and 10 microns. All the grains were assigned a crystallographic
orientation by randomly selecting the c-axis orientation of each grain according to
a March-Dollase distribution function [164]. This probability distribution describes
the orientation distribution of a population of grains using one fitting parameter, r.
The misorientation angle, θ, for the grain can take any value from 0◦ to 90◦. The
probability density, P , of finding the c-axis of a grain at a particular angle θ from the
fiber axis, or in this case the z-axis, is given by
P (r, θ) =
sin θ




At the limiting value of r = 0, all the grains are perfectly aligned with the
z-axis (perfect texture). For r = 1, the distribution of the grain orientations shows
complete randomness (untextured). The probability of finding a specific orientation
with respect to an untextured sample, i.e. the Multiples of Random Distribution (or
MRDs), corresponds to the number of times that a specific orientation is likely to
be sampled with respect to a completely random (untextured) sample as reported
in the standard literature [165–167]. Here, MRD = 1/r3. The a-axis was assigned
33
a random direction perpendicular to the c-axis, and the remaining axis was defined
to be perpendicular to the first two axes. The defined crystallographic orientation
assigment procedure treats all polar angles as equivalent. The object-oriented finite
element program (OOF) [168] was extended to model the grain-grain interactions. An
initial 125×125 triangular element mesh was laid down on top of the microstructure.
The mesh was refined and annealed multiple times to align the mesh elements with the
grain boundaries. Equations 2.5 through 2.9 were solved in the finite element analysis
program. The equilibrium strains and electric fields are used and Equation 2.4 was
solved for every element of the microstructure. An adaptive Runge-Kutta algorithm
was used to determine the polarization order parameter. For each value of applied out-
of-plane electric field the system was evolved until the polarization reached a steady
state value for all elements in the microstructure. The steady state polarization order
parameter was then used to recalculate the mechanical and electrical equilibria. The
model used non-periodic boundary conditions to simulate a finite-size mesa.
A central grain was selected as representative for polarization hysteretic switch-
ing of the microstructure. Using a technique of Virtual Piezo-force Microscopy (VPM)
developed by Garćıa et al. [109], a sinusoidally varying electric field was applied to this
central grain with an amplitude of 1×108 V/m at a frequency of 2 radians/second. The
out-of-plane polarization state of the central grain was recorded every one-hundredth
of a cycle. The crystallographic texture parameter r was varied from r = 1 (untex-
tured) to r = 0.1 (highly textured) for a (001) textured sample. For a fixed value
of texture a Monte Carlo algorithm was used to generate microstructure instances
whose microscopic texture corresponds to the March-Dollase function but included
the randomness associated with real polycrystals. Ten samples were generated for
each texture, all using the same pattern of grain boundaries, in order to assess the
variability of the effect of texture on the central grain independent of the shape of
the grains comprising the microstructure.
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2.6 Polycrystalline Film Results and Discussion
The in-plane hydrostatic stress in a representative untextured one hundred
micron-wide film is shown in Figure 2.7(a). Predicted built-in compressive stresses
are a result of the thermal coefficient anisotropy and substrate constraint, i.e., [α11 =
5× 10−7 1/K and α33 = −3× 10−61/K and ∆T = 450◦K]. Thus, as the film becomes
increasingly textured, the average in-plane stress undergoes a transition from com-
pressive to tensile. As shown in Figure 2.7(c) the residual stresses are predominantly
tensile (positive) because the orientations of the grains in the film are increasingly
aligned with the (001) orientation. Figure 2.7(d) shows the microstructure and the
central representative grain. Figure 2.8 shows the corresponding built-in electric fields
for a one hundred micron mesa (hf/w = 1× 10−3) at the same three texture values.
Here, as the polycrystal becomes crystallographically ordered, the spatial variations
of the built-in electric field decrease. Localized electric field values occur at grain
corners and boundaries and coercive field extreme values correlate to regions of large
stress values, thus suggesting that piezoelectric-induced built-in fields modify the out-
of-plane coercive field of the solid. Figure 2.9 shows the out-of-plane polarization of
the film for selected values of texture.
The magnitude of the polarization is directly related to the probability of the
c-axis being oriented in the out-of-plane direction. The untextured sample shows
small out-of-plane polarization values while highly textured samples are enhanced.
The predicted behavior is a result of the self-induced thermomechanical stresses. A
comparison between the results of Figures 2.8 and 2.9 demonstrates that increasingly
textured polycrystals sample in-plane crystallographic orientations that ultimately
lead to average tensile state of stress in the film. Such behavior increases the degree
of tetragonality of the unit cell, and thus agrees with the single-crystal results of
section 2.2. Figure 2.10 shows the effect of aspect ratio on the built-in hydrostatic
stress for untextured samples. As hf/w increases from 0.001 to 0.01, the effective






Figure 2.7.: First stress invariant distribution for PZT film, 100 micron film width,
hf/w = 1 × 10−3. (a) shows an untextured film, r = 1 (MRD = 1), (b) shows
a film with r = 0.5 (MRD = 8) and (c) shows a highly textured film, r = 0.1
(MRD = 1000). For the untextured film, the thermal expansion coefficients induce
compressive residual stresses. As texture increases, residual stresses become tensile
(positive), because the orientation distribution of the grains in the film is closely
aligned with the (001) direction, in agreement with single-crystal results.
For hf/w = 0.01, the stress at the center of the mesa decreases by more than 15% of
the stress expected for a hf/w < 0.001 mesa.
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Figure 2.8.: (a) Built-in electric field for untextured film, r = 1 (MRD = 1), (b)
moderate texture, r = 0.5 (MRD = 8), and (c) highly textured film, r = 0.1
(MRD = 1000). Built-in electric fields correlate to regions of large stresses.
As the size of the polycrystalline mesa decreases (see Figure 2.10), the average
stress and built-in electric fields of the film asymptotically converge to zero. Ad-
ditionally, the stress and built-in electric field relaxation at the macroscopic edges
of the microstructure become increasingly apparent as the aspect ratio of the mesa
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Figure 2.9.: Out-of-plane polarization for untextured film (a), r = 1 (MRD = 1),
intermediate texture (b), r = 0.5 (MRD = 8) and highly textured sample (c), r = 0.1
(MRD = 1000). As the film becomes more textured, the c-axis of the grain is
more likely to be oriented at an angle near the (001) direction, so the out-of-plane
component of the polarization is larger, leading to regions of higher out-of-plane
polarization.
becomes more cuboidal. For a representative (001) oriented grain embedded in a
tailored polycrystalline PZT network, the remnant polarization decreases by 7.8%.
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Figure 2.10.: First stress invariant for untextured film samples of three aspect ratio
samples: 100 µm (hf/w = 0.001), 50 µm (hf/w = 0.002), and 10 µm (hf/w = 0.01).
Simulations show the influence of the size of the sample on the built-in stress, for
hf = 100 µm and hf < hs.
The effect of texture on the out-of-plane remnant polarization for a (001)-
oriented grain is summarized in Figure 2.11 for three representative mesa sizes.
All of the samples exhibited ferroelectric polarization switching. For films with
hf/w = 0.0011 the remnant polarization decreases from 0.69 C/m
2 for highly textured
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Figure 2.11.: Positive out-of-plane remnant polarization values for three sample sizes,
as a function of texture. Central grain is (001) orientation. Circles describe the
average remnant polarization for 100 µm samples (hf/w = 0.001). Squares corre-
spond to 50 µm samples (hf/w = 0.002). Triangles correspond to 10 µm samples
(hf/w = 0.01). Error bars indicate the value of one standard deviation for a nor-
mal distribution. Results show weak dependency on texture and sample size (aspect
ratio). The result correlates with behavior of a single crystal with a misorientation
angle of 0◦.
value of remnant polarization decreases to approximately 0.64 C/m2, but the effect of
texture becomes negligible. Thus, for very thin films spanning large areas, highly tex-
tured samples will provide an enhancement of response while cuboidal-looking mesas
will be insensitive to texture. In contrast, a (111)-oriented representative grain (see
Figure 2.12) shows no texture enhancement effect; however, the in-plane piezoelectric
interactions are maximal, leading to a large scatter of the average out-of-plane po-
larization. All of the center grains exhibited piezoelectric behavior only, as had been
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Figure 2.12.: Out-of-plane remnant polarization of the representative (111)-oriented
grain. The circles indicate the average remnant polarization for 100 µm samples
(hf/w = 0.001). The squares are for 50 µm samples (hf/w = 0.002). The triangles
are for 10 µm samples (hf/w = 0.01). Error bars indicate the value of one standard
deviation for a normal distribution.
predicted by the behavior map shown in Figure 2.4. Moreover, out-of-plane polar-
ization behavior displays a large degree of scattering for untextured samples because
the local coercive field of the (111)-oriented grain is of the same magnitude as the
built-in electric field. These effects are removed as the aspect ratio of the deposited
polycrystalline layer converges to one. In the stress-free limit, the out-of-plane polar-
ization response experiences an improvement of nearly 100% and directly correlates
to the single-crystal response.
41
2.7 Summary and Conclusions
The out-of-plane polarization behavior for a single grain in a polycrystalline
ferroelectric film or mesa can be tailored by manipulating the epitaxial strain, the
overall texture of the film, and the geometrical parameters of the layer. Polarization
switching of (001)-oriented grains has less variation when the grain is embedded in a
mesa with a large aspect ratio due to local stress relaxation. The remnant polarization
of piezoelectric (111)-oriented grains is enhanced from an average value of about 0.2
C/m2 for low aspect ratio films to more than 0.35 C/m2 for large aspect ratios. The
variation in remnant polarization caused by the local stress state of the film is also
mitigated through stress relaxation which decreases the built-in electric fields. As
shown in Figures 2.5 and 2.6, the physical response can be tuned from ferroelectric
to piezoelectric or electrostrictive by specifying the mesa aspect ratio.
In addition to overall texture and geometrical parameters of a polycrystalline
film, polarization switching response for an individual grain also depends on the
orientation of the adjacent grains. Individual grains can display a whole range of
local strain states depending on the individual grain orientation and the distance
from a grain boundary. This is shown graphically in Figure 2.8 where some of the
individual grains display a range of local built-in electric field depending on location
within the grain. The next chapter examines the variation in out-of-plane polarization
switching behavior for regions within individual grains and explores the influence of
coupling effects between adjacent grains.
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CHAPTER 3. GRAIN-GRAIN INTERACTIONS
3.1 Chapter Summary
This chapter examines the effects of residual stresses and polarization switching
strains on polarization hysteresis and domain reversal of individual grains and sub-
grain domains in polycrystalline thin film ferroelectrics. These effects are important
to determine remnant polarization values, polarization stability, and required coer-
cive field values for switching; all of which are significant characteristics in defining
device performance for sensors, actuators, or ferroelectric memory. The microstruc-
tural model described in Chapter 2 is applied to understand how the built-in electric
fields and stresses affect polarization stability and switching within individual grains.
Polarization hysteresis is modeled at discrete locations within grains, each measuring
13 nm in diameter. Using a single model microstructure and a central grain with
one of two orientations, the polarization and strain response are characterized at lo-
cations in the central grain and near grain boundaries in adjacent grains. Built-in
electric fields are shown to be smaller than required electrical coercive fields, and so
cannot completely account for domain reversal in the absence of an applied coercive
field. Strain developed during cooling from the Curie temperature is shown to vary
within grains and near grain boundaries sufficiently to influence the required coercive
field and remnant polarization values in adjacent grains. The microstructural model
results correlate with published experimental results.∗
∗The material in this chapter was the basis of the following publications:
• S. Wicks, K. Seal, S. Jesse, V. Anbusathaiah, S. Leach, R. E. Garćıa, S. V. Kalinin, and V.
Nagarajan. “Collective dynamics in nanostructured polycrystalline ferroelectric thin films
using local time-resolved measurements and switching spectroscopy.” Acta Materialia, 58:67-
75, 2010.
• Y. Jing, S. Leach, J. E. Blendell, and R. E. Garćıa. “Correlated inter-grain switching in poly-
crystalline ferroelectric thin films.” In press, J. of Applied Physics, 2014.
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3.2 Introduction
Nanoscale studies by piezoresponse force microscopy (PFM) and macroscale
studies by X-ray show that the domain switching in polycrystalline thin films is
quite different from that of single crystals [142, 169, 170]. These differences can be
attributed mainly to the piezoelectric lattice strain, which is linear to the external
electric field in single crystals, but nonlinear in polycrystalline materials. Non-uniform
domain switching behavior is believed to originate from the spatially varying local mi-
crostructure, defined by grain orientation, grain boundary misorientation, and grain
geometry [171]. The anisotropic elastic responses generated by these differently ori-
ented grains and their neighboring grains uniquely define the local stress and electric
field that are coupled through the direct and converse piezoelectric effect. The in-
duced field thus reinforces or weakens the applied electric field and results in different
switching behaviors for individual grains. For the case of only two stable variants
(180◦ switching only), the free energy density takes the form of Equation 2.1 as de-
scribed in Chapter 2. This free energy, determined by both the local stress and electric
field, is responsible for the grain-to-grain difference in switching behavior.
For a polycrystalline thin film, the orientation distribution influences the stress
state and polarization behavior. The hysteresis behavior is influenced by elastic and
piezoelectric interactions combined with local grain-to-grain misorientation and grain
boundaries [109,172–174]. Experimental results from Wicks et al. [175,176] and Jing
et al. [177] also reveal that individual grains exhibit initial polarization differences
which can be attributed to the location in the grain with respect to grain boundaries
and to the edge of the thin film. The effects of local microstructure to determine
domain switching were studied by Jing, et al. using Polarization Difference Maps
(PDMs) [177]. The effect of grain orientation was confirmed by the observation that
for a given external electric field, differently oriented grains showed different switching
behaviors [175,177,178] (no switching, 90◦ switching, and 180◦ switching). The same
experiments also revealed that upon the removal of the applied field, many grains
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went through relaxation by 90◦ ferroelastic switching, apparently influenced by the
orientations of neighboring grains.
Nagarajan, et al. [179] reported polarization relaxation for individual grains
in a polycrystalline PZT thin film. Additional recent experimental work by Jing,
et al. [180] explored the switching behaviors of regions within individual grains to
understand further the influence of grain boundaries and misorientation of adjacent
grains. Boundaries with different configurations were determined to affect the individ-
ual grain switching. The switching behaviors of regions within individual nanoscale
grains were also analyzed and correlated with proximity to grain boundary and de-
gree of misorientation between adjacent grains. Grain orientations were determined
by EBSD. Figure 3.1 shows the results of this experiment and lists the width of the
polarization hysteresis loop by position inside 32 individual grains and shows the mis-
orientation angle between the c-axes of the adjacent grains. As seen in this figure, the
experimentally measured hysteresis loops near grain boundaries are wider than the
loops measured at the centers of grains. This indicates that higher values of coercive
field are required for polarization switching near the grain boundaries.
In order to understand the competing mechanisms for domain reversal, Wicks
et al [176] applied a synergistic approach that incorporated focused ion beam milling
(FIB) [181], time-resolved piezoresponse force microscopy [137,182,183], and switch-
ing spectroscopy PFM [184] (SSPFM), to provide a unified view of the factors and
interactions controlling local polarization dynamics. Gilbert et al. deposited and
characterized PZT as a polycrystalline thin film on substrates to form a layer 70 nm
thick with an average grain size of 100 nm [185]. The grain boundaries were deter-
mined to be vertical, and FIB was used to create mesas approximately 1 micron by
1 micron in size [181]. An atomic force microscope probe tip applied a coercive field
and piezoresponse images were acquired repeatedly to determine out-of-plane and in-
plane behavior. Figure 3.2 shows the time-dependent out-of-plane behavior for two
regions of this material. The top row shows a grain near the center of a mesa, and
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Figure 3.1.: Experimental results from Jing, et al. [180] (a) Loop width map of 32
grains. Loop width data is listed inside the grains, and grain boundary misorienta-
tion information is shown in the boxes adjacent to the grain boundaries. The grain
boundary misorientation angle labeled is the difference between the c-axis of the two
neighboring grains measured experimentally by EBSD. (b) Enlargement of the region
inside the black square. A clear correlation of the loop width trend across the grain
boundary is observed.(Image appears courtesy of Yuanyuan Jing. [180])
the bottom row shows a grain near the edge of a mesa. In both cases, the first image
includes an ”x” to mark the grain of interest.
The subsequent images show the grains in the first scan after switching, and
then again after a period of time. The grain near the center of the mesa remained
in the switched condition, but the grain near the edge spontaneously reversed polar-
ization between the first and second scans, an elapsed time of 9 minutes. Further
analysis of the orientations of the switched grains did not reveal a correlation be-
tween the orientation of the grain or the out-of-plane polarization component and
polarization stability, but did show a correlation between the in-plane polarization
component of adjacent grains. That is, the polarization stability was correlated with
low in-plane polarization of adjacent grains. A large in-plane polarization of adja-
cent grains resulted in spontaneous domain reversal of the target grain. This effect
was independent of the location of the grain in the mesa. Models for bulk poly-
















Figure 3.2.: Experimentally acquired vertical piezoresponse force microscopy (OP-
PFM) images from Wicks, et al. for different grains as a function of time. Data sets
were acquired from a grain at the center of a mesa (top row) and a grain near the
edge of the mesa (bottom row). The first image in each row shows the location of
the grain before switching. The second image shows the grain in the first scan after
switching. The third images show that the top grain has remained stable, while the
bottom grain exhibited spontaneous polarization reversal before the second scan was
performed at 13 minutes.(Image from [176])
and long-range elastic and piezoelectric strains [67], and recent results indicate that
a thorough understanding of the local electromechanical conditions is essential to
understand grain-grain interactions in nanoscale ferroelectric devices [169].
3.3 Numerical Model
The object oriented finite element analysis tool, OOF [168] was used to quantify
the contributions from the built-in electric fields, the orientational electromechanical
coupling of the grains, and spatial grain boundary charge effects on the switching
of the grains. These previous approaches do provide invaluable information to de-
scribe the physics of ferroelectrics, particularly epitaxial thin films and nanostruc-
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tures. However, the FEM tool incorporates the grain boundary orientation effects
while simultaneously capturing the effects of the macroscopic edges. Additionally,
it can explicitly incorporate the effects of the physical fields (electrical, mechanical,
thermal, etc.) which affect the local thermodynamic state of the system. The simula-
tions are direct extension of the effective clamping stress framework for single crystal
mesas developed previously [137]. One set of simulations was performed to evaluate
the effects of adjacent grains on polarization stability. Here, a central test grain was
switched out-of-plane under a virtual PFM tip by using a sinusoidally varying exter-
nal 8 MV m−1 electric field as was reported experimentally. Two orientations were
tested: a (0 0 1) orientation to maximize the out-of-plane component of the polariza-
tion, and a (1 1 1) orientation to maximize the interaction between the out-of-plane
switching and the in-plane effect on neighboring grains.
Electric Field
Pi = dijk σjk




Figure 3.3.: Schematic depiction of possible grain-boundary-induced switching mecha-
nisms for electromechanically coupled grain structure. Here, grain A ((0 0 1) oriented)
is switched externally through the application of an out-of-plane E-field. Grains B
and C are in turn subjected to stress-induced polarization, polar charge injection or
shielding via the direct piezoelectric effect. The intensity of the coupling depends on
the misorientation of the abutting grains and underlying material properties. (Image
from [176])
48
A second set of simulations was performed that employed a microstructural
model developed to measure the local effects of grain-grain orientation and the vari-
ation of physical fields within individual grains. Using initial modeling steps and
the VPM method previously described in Chapter 2, a microstructure was gener-
ated using a Voronoi tessellation. The microstructure consisted of 169 grains in a
1300 nanometer by 1300 nanometer area. The grain boundaries were defined to be
infinitely narrow. The finite element mesh was selectively refined in six grains near
the center of the microstructure to enable greater resolution for investigation of phe-
nomena within these grains. The orientation of these central grains was held constant
while the remainder of the grains in the film had orientations assigned randomly from
a distribution defined by the March-Dollase texture function. The entire microstruc-
ture with the central grains indicated, and the refined finite element mesh and virtual
probe locations, are shown in Figure 3.4. Simulations were performed for a range
of texture, from highly textured to untextured, with the c-axis of the central grain
aligned in one of two ways: with the laboratory z-axis, and with the c-axis of the
central grain oriented 45◦ away from the z-axis.
In order to simulate the experimental conditions used by Jing, et al. [177,180],
an external sinusoidal voltage from −5 to +5 V was applied to areas of approximately
13 nm in diameter. The same locations were used to measure the magnitude of the
polarization in the laboratory z-axis. This was an important refinement from previous
modeling efforts where the electric field was applied to an entire grain. The simula-
tion used materials properties for PZT and only 180◦ switching was modeled [174].
Because the sample was a polycrystalline thin film, the built-in stresses and strains
resulting from the thermal expansion coefficient mismatch with the substrate were
included by incorporating a 300K undercooling from the Curie temperature to room
























Figure 3.4.: The central region of the model microstructure showing the mesh refine-
ment in the central grain and surrounding grains (labeled A-E) and the areas (yellow
circles) for location of the virtual probe.
3.4 Results and Discussion
Simulations demonstrate that for thin continuous films the induced thermal
(processing) stresses generate a spatial distribution of built-in electric fields via the
direct piezoelectric effect in the cellular solid. As shown in Figure 3.5. The top row
illustrates that the largest magnitude for built-in electric fields occurs in the largest
samples with random orientations. In the absence of edge effects, stress and built-in
electric fields reach their highest values at grain corners and boundaries where the
discontinuity of the material properties induce localized stresses which in turn induce
skewed local hysteretic behavior, local polarization enhancement, and suppression
[109]. It is important to note that grain boundary corners, especially those which
form acute angles, are locations where large stress gradients develop. These locations
further contribute to the large built-in electric field values observed in acute corners
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and locations where three or four grains meet. The anisotropy of the thermal ex-
pansion tensor induces in-plane stress concentrations at grain boundaries which via
the direct piezoelectric effect induces polarization changes. The induced changes in
polarization lead to deviations in stress via the converse piezoelectric effect. However,
the effects described above are relaxed when mesa edge effects are taken into con-
sideration. Here, in-plane stresses asymptotically approach zero as the macroscopic
size of the sample decreases and the mesa has the opportunity to relieve mechan-
ically the accumulated elastic energy through the stress-free edges of the film. As
previously described in Chapter 2, these effects become less dominant for even larger
sizes of highly textured samples, i.e., mesas with high multiple random distributions
(MRD) [186]. The simulations performed here also demonstrate that for the utilized
material parameters and the size of the experimental mesas (1 micron by 1 micron),
the built-in in-plane electrical fields approach zero and so do not appear to be a dom-
inant mechanism for domain reversal as observed in the experiments performed by
Wicks et al. [176].
The microstructure shown in Figure 3.4 was used to evaluate the built-in electric
field for a central grain and surrounding grains. Results for the central grains are
shown in Figures 3.6 and 3.7. The locations used for application of the electric
field are identifiable because the image was captured very early in the polarization
switching cycle after an initial value of external electric field had been applied. The
only difference between the conditions shown in Figure 3.6 and Figure 3.7 is the
orientation of the central grain. In Figure 3.6 the c-axis of the central grain is aligned
with the laboratory z-axis. In Figure 3.7 the c-axis of the central grain is oriented 45◦
away from the z-axis. As these images show, changing the orientation of the central
grain influences the built-in field in the central grain, but also in the adjacent grains.
The built-in electric fields also influence the initial z-direction polarization state as
shown in Figures 3.8 and 3.9. Again, for Figure 3.8 the c-axis of the central grain is
aligned with the laboratory z-axis, while the central grain in Figure 3.9 is oriented 45◦
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Figure 3.5.: Built-in electric field in polycrystalline ferroelectric as a function of mesa
size and crystallographic texture. Note that as texture decreases (crystallographic
randomness, i. e., MRD > 1) or the size of the mesa decreases to 10 microns by 10
microns, the built-in electric fields approach zero. (Image from [176])
polarization domain, while the central grain in Figure 3.9 has a negative polarization
overall, but shows a positive polarization in the upper left-hand edge near the grain
boundaries of two adjacent grains.
The z-direction strain data from the simulations provided further information
about the local and grain-grain effects. The results confirm that the local strain is
greatly dependent on the film texture. As described in Chapter 2 for a highly textured
(001) PZT thin film, the overall strain is tensile (6.07 × 10−4 m/m). Although the
overall strain for a randomly textured polycrystalline PZT thin film is still tensile
(5.08× 10−4 m/m), the overall strain is smaller and there are both compressive and
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Figure 3.6.: The built-in electric field for the model microstructure shows the areas
for applied field and measured polarization with the center grain c-axis aligned with
the laboratory z-axis. The magnitude of the built-in electric field varies even within
grains. The grain boundary between the central grain and position 9 exhibits a higher
built-in field than either grain.
tensile strains that depend on the local microstructure and grain-to-grain interactions.
These spatially varying strains can induce built-in electric fields as large as 20 kV/m.
Even though this number is well below the typical coercive field of 2 Mv/m for PZT, it
is large enough to modify the shape of the switching loops. The simulation results also
confirm that the strain can vary significantly within an individual grain. Polarization
hysteresis loops for three locations within the central grain of an untextured film
were modeled as shown in Figure 3.10. All three loops are for locations within the
central grain, but positions 2 and 3 are adjacent to grain boundaries with grain-grain
misorientation. The local z-direction strain variation modeled for the as-deposited
film with no applied external field is: 6.045 × 10−4 m/m at position 1, 6.941 ×
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Figure 3.7.: The built-in electric field for the model microstructure shows the areas
for applied field and measured polarization with the center grain c-axis tilted 45◦
away from the laboratory z-axis. The central grain shows an overall built-in field
larger than for the model where the central grain is aligned with the laboratory z-
axis. The areas of highest electric field are at grain intersections where the peak value
is approximately 1.5× 106 V/m.
10−4 m/m at position 2, and 5.911 × 10−4 m/m at position 3. Here positive values
are for tensile strain with the z-direction being the sample normal or out-of-plane
direction. Higher tensile strains cause the double well potential energy barrier to




equation 2.1. Physically, this means that areas with higher z-direction tensile strain
will require larger coercive fields for polarization reversal.
Figure 3.11 shows that as the grain boundary misorientation changes (the center
grain orientation rotates about the crystal a-axis), the switching at locations near the




Figure 3.8.: The polarization in the z-axis for the model microstructure shows the
areas for applied field and measured polarization with the center grain c-axis aligned
with the laboratory z-axis. The center grain shows a neutral polarization value, and
the surrounding grains are predominantly negative or neutral. Probe position 9 shows
a lower polarization value than the locations in the central grain.
change accordingly. The simulation shows an increase of initial (no applied field)
Z-direction tensile strain from 5.924× 10−4 m/m to 6.001× 10−4 m/m at position 8,
and a decrease of the tensile strain from 4.842× 10−4 m/m to 4.640× 10−4 m/m at
position 9 as the center grain is rotated from 0◦ to 45◦ about the a-axis. The rotation
causes increased tensile strain at position 8 and a larger coercive field thus a wider
loop, while the decreased local tensile strain at position 9 leads to a narrower loop
as the center is rotated. The simulations agree with experimental results. As the
misorientation angle changes, one grain becomes easier to switch, another becomes
harder to switch. Furthermore, when grains are misoriented by approximately 90◦,




Figure 3.9.: The polarization in the z-axis direction for the model microstructure
shows the areas for applied field and measured polarization with the center grain c-
axis tilted 45 degrees away from the laboratory z-axis. The central grain has a region
of positive polarization, with the remainder of the grain showing negative polarization.
are nearly coincident, the strains resulting from the applied electric field are also
coincident and the required coercive field value decreases.
Simulations were also performed with an external electric field applied only to
the six virtual probe locations in the central grain, as shown in Figure 3.4 while the
five probe locations in the adjacent grains were monitored for polarization and strain
changes. No changes were measured in the locations outside the central grain. In
addition, only the probe locations in the central grain showed polarization switching.
This result indicates that the microstructural modeling was able to capture built-
in electrical field and strain effects on polarization switching behavior, but was not


















Figure 3.10.: Polarization hysteresis loops for three locations in the central grain from
the simulation of ferroelectric switching. The center grain is oriented with the c-axis
rotated 45 ◦ about the a-axis, and the overall polycrystalline thin film is untextured.
Virtual Piezoforce Microscopy was done at the locations shown and changes in the
loop width are clearly evident. The coercive field for position 2 is approximately 300
kV/m higher than for position 1. The coercive field for position 3 is approximately
200 kV/m lower than for position 1. The changes in coercive field correspond to the
local changes Z-direction strain. The strain is tensile for all 3 locations. The strain
values are: 6.045 × 10−4 m/m at position 1, 6.941 × 10−4 m/m at position 2, and
5.911× 10−4 m/m at position 3.
3.5 Summary and Conclusions
Microstructural modeling results confirm the significance of grain-grain interac-
tions in determining the ferroelectric domain switching hysteresis behavior of regions
within individual grains. Compared to the center of a grain where the effect of the
grain boundaries is minimal, regions adjacent to a grain boundary are influenced by
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Figure 3.11.: Polarization hysteresis loops from the first switching cycle for the un-
textured sample simulation. The solid lines are for positions 8 and 9 where the center
grain has the c-axis in the normal direction. The dashed lines are for the same two
positions when the center grain is oriented with the c-axis rotated 45◦ about the a-
axis. For the rotation, the simulation calculates an increase of initial (no applied field)
z-direction tensile strain from 5.924× 10−4 m/m to 6.001× 10−4 m/m at position 8,
and a decrease of the tensile strain from 4.842× 10−4 m/m to 4.640× 10−4 m/m at
position 9. The increased tensile strain at position 8 leads to a larger coercive field,
while the decreased local tensile strain at position 9 leads to a smaller coercive field.
the grain boundary configuration. Grain boundaries with different misorientation an-
gles exhibit different local strain fields that couple to the local electric field via the
piezoelectric effect and change the switching behavior of adjacent regions.
For grains of approximately 100 nm in diameter, the coercive field difference
between a position near a grain boundary and the grain center can be as large as +300
or −200 kV/m. The coercive field differences correlate with changes in the tensile
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strain. These interactions merit further investigation as the overall size of ferroelectric
devices continues to decrease and the read-write area required for memory storage
shrinks towards the same scale as the size of the grains in a polycrystalline film.
The current chapter demonstrates that the stress state and built-in electric fields
result from a combination of the epitaxial strain, overall film texture, and tertiary
coupling effects from adjacent grains. Mechanical coupling between areas of different
crystallographic orientation creates strain which enhances or inhibits out-of-plane
polarization switching. This local coupling effect is observed in the coercive field
required for polarization switching and the remnant polarization.
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CHAPTER 4. SUMMARY AND FUTURE WORK
4.1 Summary
This thesis presents investigations and results on the polarization switching
behavior of ferroelectric materials from the behavior of single-crystal thin films to the
localized behavior of a portion of a grain in a polycrystalline thin film. Polycrystalline
thin film behavior is further analyzed to understand the influence of mesa aspect ratio.
Thermodynamically-based finite element modeling is used to examine the stress state
and built-in electric fields and to characterize the polarization switching hysteresis
behavior. Microstructural modeling captures the influence of grain orientation and
sample geometry and predicts ways in which material properties and device geometries
can be engineered for a particular ferroelectric response.
Chapter 2 presents the polarization hysteresis behavior of a single-crystal ma-
terial as a function of stress and orientation. Results form a map which can be used
to guide material production towards a particular response. The map is also useful
to understand and predict the behavior of a grain in a polycrystalline thin film sam-
ple. The orientation distribution of a polycrystalline thin film is shown to determine
whether the average stress state of the film will be tensile or compressive. The ge-
ometry of the film is also shown to influence the magnitude of these built-in stresses.
The out-of-plane polarization hysteresis response of a single grain will be influenced
by in-plane stresses and by the orientation of the grain. Polarization switching of
(001)-oriented grains has less variation when the grain is embedded in a mesa with
a large aspect ratio due to local stress relaxation. This stress relaxation creates
a corresponding decrease in the localized built-in electric fields. This creates less
sample-to-sample variation for a group of simulations with the same overall texture
but different local conditions surrounding the central, switched grain. The remnant
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polarization of piezoelectric (111)-oriented grains is enhanced from an average value
of about 0.2 C/m2 for low aspect ratio films to more than 0.35 C/m2 for for large
aspect ratios.
Chapter 3 explores local stress and polarization results within grains of a poly-
crystalline material and adjacent to grain boundaries. The microstructural model
shows the influence of grain-to-grain interactions on the stress state, built-in electric
field, and polarization hysteresis of individual grains. This chapter also explains the
contribution of local strains which either enhance or inhibit hysteresis behavior. THis
depends upon proximity to the grain boundaries, the orientation of the grain to ad-
jacent grains, and the orientation of the grain with respect to the geometry of the
thin film. The modeling results show that the strains and built-in electric fields that
result from local misorientation or polarization switching are not sufficient to cause
back-switching of a grain or a region within a grain. For grains of approximately 100
nm in diameter, the coercive field difference between a location near a grain boundary
and the grain center can be as large as + 12% or - 8%. Adjacent grains are affected
through coupling to the orientation difference across the grain boundary. Rotation
of the center grain from 0◦ to 45◦ about the a-axis causes an increase of initial (no
applied field) z-direction tensile strain from 5.924× 10−4 m/m to 6.001× 10−4 m/m
in one adjacent grain and a decrease of the tensile strain from 4.842× 10−4 m/m to
4.640 × 10−4 m/m in another adjacent grain. The rotation causes increased tensile
strain and a larger coercive field in the first adjacent grain, while the decreased local
tensile strain in the second adjacent grain leads to a narrower loop. The simulations
agree with experimental results: as the misorientation angle changes, one grain be-
comes easier to switch, another becomes harder to switch. Furthermore, when grains
are misoriented by approximately 90◦ the coercive field value increases. When the c-
axes of the grains are nearly coincident, the strains resulting from the applied electric
field are also coincident and the required coercive field value decreases.
The results presented demonstrate that these modeling methods can produce
results which are useful in engineering particular desired polarization switching be-
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havior. The analytical methods are predictive for polarization switching behavior of
single-crystal material, and the computational models can incorporate the effects of
orientation and device geometry for polycrystalline thin films.
4.2 Future Work
The properties of lead-free materials show significant promise for useful po-
larization switching behavior. The analytical and computational methods used for
PZT could be adapted to other materials by using appropriate material parameters.
Alloys of Barium-Zirconate-Titanate (BZT) and Barium-Calcinate-Titanate (BCT)
have both a rhombohedral structure and a tetragonal structure below the Curie tem-
perature of 367 K. A phase diagram proposed by Liu et al. [187] for BZT-BCT shown
in Figure 4.1 shows that for a range of compositions both rhombohedral and tetrag-
onal structures are present. Combining these materials at a 50/50 ratio creates a
morphotropic phase boundary (MPB) very near room temperature, at approximately
297 K. The MPB enhances the piezoelectric behavior that yields a remnant polar-
ization value as high as 0.022 C/m2 [188]. This is lower than PZT, but promising
for a lead-free material. Experimental results from Xue et al. [189], Yao et al. [190]
and Ehmke [191] for the 50/50 ratio, as shown in Figure 4.2 document discontinu-
ities in physical properties. Xue et al. [189] determined that the temperature for the
rhombohedral to tetragonal phase transformation occurs at 302.5 K for heating and
at 293.5 K for cooling from the tetragonal to the rhombohedral phase. Based on this
9◦ difference they characterize the phase transition as first order.
Several authors have reported a strong temperature-dependence of the electrical
properties, and have reported a corresponding change in polarization hysteresis for
BZT-BCT or other lead-free materials [187,190–194]. Gao et al. propose that the en-
hanced piezoelectricity at the MPB results from the formation of nano-sized domains
which are more easily switched than larger domains [195]. Enhanced piezoelectric
properties have also been established for materials poled during cooling from above the
Tc. An internal bias field develops from redistribution of defect charge carriers rather
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than from a significant change in ferroelectric domain texture [196]. Xue et al [189]
suggest that instabilities occur along multiple orientations in the MPB which is the
source of high piezoelectric constants. Damjanovic et al. support this explanation
and also propose, based on Raman spectroscopy, that an additional phase transition
occurs at 213 K [197]. They also observe that the lack of frequency-dependence sug-
gests that the characteristics of the MPB are probably not related to the interaction of
domain walls with defects. Tutuncu et al. [198] used x-ray diffraction to demonstrate
increased 90◦ domain wall motion leading to enhanced piezoelectric coefficients.
Following a parameter fitting method developed by Zizhao Zhao [199], Landau
coefficients have been fitted to experimental data. This result provides support for
the theory proposed by Xue, et al. [189] that the MPB can be understood as a first-
order transition with a latent heat of transformation and a discontinuous change in
enthalpy.
Figure 4.1.: Phase diagram for BZT-50BCT. As the temperature rises from -50 deg.
C (223 K) to 120 deg. C (393 K) the phase changes from rhombohedral to tetragonal
to cubic. (Image from [189])
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Figure 4.2.: The remnant polarization, coercive field value, and permittivity change
with temperature. (Image from [189])
By fitting the Landau coefficients to the polarization hysteresis loops above
and below the transformation from rhombohedral to tetragonal the general Taylor
expansion can be rewritten to include temperature dependence. For a stress-free solid
at equilibrium, where δF/δP = 0, the first four terms of equation 2.1 are arranged
so that:
E = aP + bP 3 + cP 5 (4.1)
where: a = α(T − Tc).
Values for remnant polarization, maximum polarization, coercive field, per-
mittivity, and mobility were extracted from experimentally measured polarization
hysteresis loops by digitizing published loops [189, 190] or directly from digital data
files [200]. The extracted experimental values were used as inputs to determine Lan-
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dau coefficients. The method and equations developed by Zhao for fitting the Landau
coefficients from the polarization hysteresis loop parameters are summarized in Ap-
pendix B. Determining the coefficients was an iterative process. The fitted coefficients
were used to generate polarization hysteresis loops which were compared to the origi-
nal experimental polarization hysteresis loops to determine closeness of fit. The fitted
loops were generated with a sinusoidal electric field at a frequency of 0.1 Hz and a
time step of 0.005 seconds. The maximum applied electric field was the same as the
experimental data, either 2MV/m (Xue data) or 1MV/m (Yao and Ehmke data).
Permittivity, mobility, and coercive field were adjusted at each temperature to arrive
at an optimized correlation of the polarization hysteresis to the experimental results.
Values for the three Landau coefficients, α, b, and c, were established at each tem-
perature and then analyzed to generate a temperature-dependent equation for each
coefficient, excluding the data very near the MPB. In order to maintain the character
of a first order ferroelectric transition, the α and c coefficients were positive values,
while the b coefficient was negative. The temperature-dependent equations for the
Landau coefficients were combined and used with the first four terms of equation 2.1
to calculate the free energy density as a function of polarization for temperatures
below and above the MPB.
Figure 4.3 shows the experimental remnant polarization data extracted from
the hysteresis loops. These data are also included as Table B.1 in Appendix B. The
blue circles show values extracted from data published by Xue, et al. [189] and the red
circles show values extracted from data provided by Ehmke [191]. Fitted polarization
hysteresis loops were generated for the entire temperature range of the experimental
data from 223 K to 353 K as part of the iterative process for determining Landau
coefficients. Figure 4.4 is an example of the experimental polarization hysteresis loop
plotted with the fitted loop. The fitted loop does not capture the lower part of
the hysteresis loop for positive coercive field because the energy equation does not
include the effects of orientation distribution, 90◦ switching, grain boundaries, domain
pinning, or other non-uniform states. The upper and lower portions of the fitted
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hysteresis loop, as well as the fitted value for coercive field, were used to characterize
the fit of the Landau parameters.























































































Figure 4.3.: Remnant polarization values for experimental data and parameter fitting.
Results from Xue [189] are shown as blue circles and results from Ehmke [191] are
shown as red circles. The fitted values for remnant polarization are shown as two
curves. Temperature-dependent Landau coefficients for the fitted equations were
determined for two ranges of behavior, below and above the MPB. Insets show free
energy density vs. remnant polarization values at 283 K, 288.5 K and 293 K using the
fitted parameters. The blue curves are from the rhombohedral phase, and the red lines
are for the tetrahedral phase. Between 283 K and 293 K the free energy minimum
shifts from the rhombohedral to the tetragonal phase. At 288.5 K the minima for the
rhombohedral and tetragonal phase are equal, but occur at polarization values of ±
0.136 C/m2 for the rhombohedral phase and ± 0.127 C/m2 for the tetrahedral phase.
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Figure 4.4.: Polarization hysteresis loops for 223 K. Experimental results [189] are
shown as blue dots and the fitted result is shown as a dashed red line. The difference
between the fitted and the experimental data results from not including the effects
of orientation distribution, 90◦ switching, grain boundaries, domain pinning, or other
non-uniform states. The upper and lower portions of the fitted hysteresis loop, as well
as the fitted value for coercive field, were used to characterize the fit of the Landau
parameters.
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The BZT-BCT system reveals several opportunities for further research: these
free energy equations could be used in microstructural modeling to elucidate the
polarization switching behavior as a function of temperature and composition, par-
ticularly through the MPB. BZT-20BCT has only rhombohedral and cubic phases,
BZT-60BCT has a larger range of temperature for the tetragonal phase, and BZT-
85BCT has only tetragonal and cubic phases. Modeling of the BZT-BCT system
could be performed by assigning the properties of the two constituent materials to
the grains in a polycrystalline film. The microstructural modeling tools would need
to be modified to accomodate two different Curie temperatures in order to capture
accurately the stresses resulting from cooling to room temperature. The polarization
switching hysteresis could be studied as an average over several grains, for individual
grains, or for regions within grains. This modeling would provide insight into the
stress states and built-in electric fields developed at the MPB and might be useful to
predict optimal microstructures and device geometries.
The addition of 90◦ switching to the computational modeling tools by extending
the OOF functionality would improve the physical accuracy of the models and poten-
tially allow better correlation between model and experimental results. From the free
energy density expression shown as Equation 1.2 it can be seen that extending the
model will require the addition of free energy terms which include an energy penalty
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[150] M. Östling, S. M. Koo, C. M. Zetterling, S. Khartsev, and A. Grishin. Fer-
roelectric thin films on silicon carbide for next-generation nonvolatile memory
and sensor devices. Thin Solid Films, 469-470:444–449, 2004.
[151] M. M. Saad, R. M. Bowman, and J. M. Gregg. Thin film capacitor cut from
single crystals using focused ion beam milling. Integrated Ferroelectrics, 61:239–
248, 2004.
[152] A. K. Tagantsev, G. Gerra, and N. Setter. Short-range and long-range contri-
butions to the size effect in metal-ferroelectric-metal heterostructures. Physical
Review B, 77(174111), 2008.
[153] M. Stengel, D. Vanderbilt, and N. A. Spaldin. Enhancement of ferroelectricity
at metal-oxide interfaces. Nature Materials, 8:392–397, 2009.
[154] M. D. Glinchuk, E. A. Eliseev, and A. N. Morozovska. Influence of built-in
internal electric field on ferroelectric film properties and phase diagram. Ferro-
electrics, 354:86–98, 2007.
79
[155] Q. Y. Qiu, R. Mahjoub, S. P. Alpay, and V. Nagarajan. Misfit strain-film
thickness phase diagrams and related electromechanical properties of epitaxial
ultra-thin lead zirconate titanate films. Acta Materialia, 58(3):823–835, 2010.
[156] A. G. Zembilgotov, N. A. Pertsev, H. Kohlstedt, and R. Waser. Ultrathin epi-
taxial ferroelectric films grown on compressive substrates: Competition between
the surface and strain effects. Journal of Applied Physics, 91(4):2247–2254,
2002.
[157] A. Vasudevarao, S. Denev, M. D. Biegalski, Y. Li, L.-Q. Chen, S. Trolier-
McKinstry, D. G. Schlom, and V. Gopalan. Polarization rotation transitions in
anisotropically strained SrTiO3 thin films. Applied Physics Letters, 92(192902),
2008.
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Appendix A Material Properties
Table A.1: Physical properties used to describe simulated PZN-PT film [109].
Symbol Value Units Symbol Value Units
C11 111.0 GPa Q11 0.186 m
4/C2
C33 105.0 GPa Q12 -0.09 m
4/C2
C44 64.0 GPa Q44 0.013 m
4/C2
C12 102.0 GPa a -23310023 J·m/C2
C13 101.0 GPa b 372960372 J·m5/C4
C66 63.0 GPa c 0 J·m9/C6
εσ11 26.562×10-9 F/m εσ33 8.854×10-9 F/m
d33 200.0×10-11 C/N α11 5×10-7 1/K
d31 -97.0×10-11 C/N α33 -3×10-6 1/K
d15 14.0×10-11 C/N MP 1×10-5 S/m
Table A.2: Physical properties used in the numerical simulation of PZT film. [109,201]
Symbol Value Units Symbol Value Units Reference
C11 172.0 GPa Q11 0.0789 m
4/C2 [201]
C33 33.8 GPa Q12 -0.0248 m
4/C2 [201]
C44 76.4 GPa Q44 0.0636 m
4/C2 [201]
C12 78.9 GPa a -23310023 J·m/C2 [201]
C13 25.4 GPa b 56909236 J·m5/C4 [201]
C66 118.0 GPa c 0 J·m9/C6 [201]
εσ11 1.04×10-9 F/m εσ33 1.94×10-9 F/m [201]
d33 10.4×10-11 C/N α11 5×10-7 1/K [109]
d31 -3.26×10-11 C/N α33 -3×10-6 1/K [109]
d15 7.86×10-11 C/N MP 1×10-5 S/m [109]
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Appendix B Thermal Effects and Fitting Parameters
The following method for extracting Landau coefficients from experimentally
measured polarization hysteresis data was developed by Zizhao Zhao [199].
For a stress-free solid, the first four terms of Equation 2.3 are arranged so that:
E = aP + bP 3 + cP 5 (B.1)
Where a = α(T −Tc). When the coercive field value is equal to zero, the polarization
is equal to the remnant polarization, Pr. So the equation becomes
0 = aP + bP 3 + cP 5 (B.2)
At E = 0, the dielectric susceptibility, χ is defined as ∂P/∂E , so that Equation 4.1
can be expressed as:
1
χ
= a+ 3bP 2 + 5cP 4 (B.3)
Equation B.2 can be divided by P to yield
0 = a+ bP 2 + cP 4 (B.4)
which can be solved for P when given the fitted a, b, and c coefficients. This can be
used to check the difference between the experimental and fitted values of P .
The mobility of the polarization switching, M , can be determined from exper-
imental data by taking the derivative of Equation 2.1 for the condition when the




|P=0,E=Ec = −Ec (B.5)
Substituting this result into Equation 2.4 leads to ∂P/∂t = MEc. The value of Ec
in a sinusoidally varying electric field is E = E0sin(ωt), where E0 is the maximum
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applied electric field value, ω is the frequency, and t is the time. At t = tc, the instant
where the electric field is a the coercive field value, Ec = E0sin(ωtc). Equation 2.4 is
then reduced to ∂P/∂t = ME0sin(ωtc) . Using this equation and applying the chain








= χωE0cos(ωtc) = MEc (B.6)
An expression for M is developed from the relationship between Equation B.6 and






Determination of the coefficients at each temperature was based on the sta-
tistical minimization of the difference between the experimental and calculated Pr,
Ec, and the maximum polarization. The statistical errors for Pr, Ec and Pmax were
typically less than 2%. Although as the temperature increased, the error between
the experimental maximum polarization value and the fitted value increased, but re-
mained below 5%. Permittivity, mobility, and coercive field were adjusted at each
temperature to arrive at an optimized correlation to the experimental results. Table
B.1 summarizes the experimental values of Pr and Ec as a function of temperature,
extracted from experimental results. The fitting strategy assumed a first-order fer-
roelectric transition where the α and c coefficients have positive values and the b
coefficient has a negative value. Figures B.1 and B.2 show the experimental polariza-
tion hysteresis loops and the fitted loops for temperatures from 293 K to 353 K. The
experimental polarixation loops for 293 K shown in Figure B.1 show good correlation
between the data from Xue [189], Yao [190], Ehmke [191] and the fitted loop, even
though the experimental measurements were acquired at three different frequencies.
The fitted loops match the experimental values of Pr and Ec for the entire tempera-
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ture range, but the Pmax values for the fitted loops are lower than the experimental
values for the high temperatures.
-2             -1               0               1              2
0.2
0.1










Figure B.1.: Polarization hysteresis loops at 293 K for three sets of experimental
data and the loop generated by the model (dashed red line). The experimental data
is from Xue [189] (blue line), Yao [190] (green line), and Ehmke [191] (black line).
There is a close correlation of the remnant polarization and coercive field values for
all three experimental conditions and for the model. The Xue data was acquired at
a frequency of 10 Hz with a maximum electric field value of 2 MV/m. The Yao data
was collected at 1 Hz with a maximum electric field value of 1 MV/m. The Ehmke
data was acquired at 0.1 Hz with a maximum electric field value of 1 MV/m. The
model used 0.1 Hz and a maximum electric field value of 1 MV/m.
Using data separately from the two temperature ranges allowed the closest
fitting of the coefficients to the experimental results. Tables B.2 and B.3 summarize
the details of fitting parameters for each individual coefficient. Figures B.3, B.4, and
B.5 show the model Landau coefficients as a function of temperature. The circles
show the coefficient values extracted from the published experimental data and the
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lines indicate the results of fitting a temperature-dependent equation to the extracted
results.
Table B.1: Temperature, Remnant Polarization, and Coercive Field from Experimen-
tal Results
Temperature (K) Pr (C/m2) Ec (V/m) method Source
223 0.129 350000 digitized plot Xue [189]
238 0.127 335000 digitized plot Xue
253 0.125 320000 digitized plot Xue
273 0.12 225000 digitized plot Xue
283 0.115 200000 digitized plot Xue
293 0.11 225000 digitized plot Xue
293 0.11 225000 digitized plot Yao [190]
296 0.109 180000 loop points file Ehmke [191]
303 0.10 173000 loop points file Ehmke
313 0.083 218000 loop points file Ehmke
323 0.076 207000 loop points file Ehmke
333 0.070 200000 digitized plot Xue
333 0.069 181000 loop points file Ehmke
343 0.061 151000 loop points file Ehmke
353 0.049 113000 loop points file Ehmke
363 0.013 60400 loop points file Ehmke
373 0.006 44000 loop points file Ehmke
Table B.2: Landau coefficient fitting parameters as a function of temperature, T, for
the rhombohedral phase.
Coefficient Equation Form Parameter Value Units
α A × exp(B×T)+C A 5.0× 103 J·m/C2K
B 4.83× 10−2 K-1
C 3.0× 103 J·m/C2K
b A × exp(B×T)+C A 1.12× 10−8 J·m5/C4
B 1.255× 10−1 K-1
C 3.45× 108 J·m5/C4
c A × exp(B×T)+C A 1.8× 1010 J·m9/C6
B 9.0× 10−4 K-1
C 0.0 J·m9/C6
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Table B.3: Landau coefficient fitting parameters as a function of temperature, T, for
the tetrahedral phase.
Coefficient Equation Form Parameter Value Units
α A × exp(B×T)+C A 6.19 J·m/C2K
B 2.58× 10−2 K-1
C 4.8× 103 J·m/C2K
b A × exp(B×T)+C A 2.0× 10−7 J·m5/C4
B 8.3× 10−2 K-1
C 7.0× 106 J·m5/C4
c A × exp(B×T)+C A 1.0× 103 J·m9/C6
B 5.3× 10−2 K-1
C 1.0× 1010 J·m9/C6
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Figure B.2.: Polarization hysteresis loops for: (a) 303 K, (b) 313 K, (c) 323 K, (d)
333 K, (e) 343 K, (f) 353 K. Experimental results from Ehmke [191] are shown as
blue solid lines and the fitted results are shown as black dashed lines.
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Figure B.3.: Landau coefficient α vs Temperature fitted to experimental data from
Xue (blue circles) [189] and Ehmke (red circles) [191]. The fitted equations are plotted
as continuous curves. Experimental values near the MPB were not included in the
development of the temperature-dependent equation.
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Figure B.4.: Landau coefficient b vs Temperature fitted to experimental data from
Xue (blue) [189] and Ehmke (red) [191]. The fitted equations are plotted as continuous
curves. Experimental values near the MPB were not included in the development of
the temperature-dependent equation.






























Figure B.5.: Landau coefficient c vs Temperature fitted to experimental data from
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